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Fluctuations in the fluorescence from macroscopic ensembles of colloidal semiconductor quantum
dots have the spectral form of 1/f noise. The measured power spectral density reflects the known
fluorescence intermittency of individual dots with power-law distributions of “on” and “off” times,
and can thus serve as a simple method for characterizing such blinking behavior.
PACS numbers: 78.67.Bf, 81.07.Ta, 05.40.-a
Semiconductor nanocrystals, or quantum dots (QDs),
are valued for their unique optical properties. They can
exhibit bright, long-lived fluorescence, with an emission
wavelength that is simply tuned by changing the size
of the nanocrystal. This property makes them promis-
ing, for example, as biological labels, and as the active
medium in light-emitting diodes or lasers. However, such
applications may be compromised by large-amplitude
fluctuations in the intensity of the QD fluorescence. Op-
tical microscopy of immobilized QDs has shown a noisy
blinking behavior, with the dots alternating between
“on” (fluorescing) and “off” (non-fluorescing) states [1].
Although results from different groups show some dif-
ferences, many measurements under different conditions
have shown similar power-law distributions for on and
off periods [2, 3, 4]. For a particular nanocrystal system
and a particular experiment, the blinking statistics are
robust, and are independent of the particular nanocrys-
tal being observed. While previous studies have focussed
on single QDs, this Letter shows that complementary in-
formation on the statistics of fluorescence fluctuations is
provided by measurements on macroscopic ensembles of
QDs, allowing a new perspective on the phenomenon of
QD blinking.
In particular, we measured the power spectral density
of fluctuations in the fluorescence from QD ensembles.
Such noise spectra are commonly used to obtain statisti-
cal information about a wide variety of systems. Apply-
ing this technique to QDs shows that the QD fluorescence
fluctuations have the form of 1/f noise. The ensemble
1/f noise can be understood as the incoherent sum of the
noise spectra of individual QDs, all of which exhibit iden-
tical 1/f -type noise. The ensemble noise measurements
thus provide a simple, rapid technique to obtain informa-
tion about the blinking statistics of individual QDs. It
can be applied to a wide range of environments, including
those not previously accessible to experiment.
Our ensemble noise measurements were made on
monodisperse CdSe QDs, prepared using established
methods [5], with a fluorescence maximum around a
wavelength of 610 nm. We investigated both bare CdSe
nanocrystals and nanocrystals capped with ZnS shells
[6]; our results were essentially identical for both types.
The noise measurements were made by exciting the
QDs with a diode-pumped, frequency-doubled Nd:YVO4
laser, which has a stable output at a wavelength of 532
nm. The fluorescence was collected perpendicular to the
excitation beam using an optical fiber bundle. The emis-
sion was then sent through a dichroic mirror, to elimi-
nate scattered laser light, and was detected with a sil-
icon photodiode. The photodiode output was sent to
a low-noise amplifier, whose input incorporates a high-
pass filter with a cut-on at 1 Hz; this eliminates the dots’
mean fluorescence, so that only small-signal fluctuations
are amplified. The amplified output was sent to a digital
signal analyzer, which calculated the associated power
spectral density. The digitally sampled time series were
analyzed in blocks of 1600 points; 250 blocks were com-
bined using RMS averaging to give the averaged time se-
ries I(t). The power spectral density was then calculated
as S(f) = |F {i(t)}|
2
, where F represents the Fourier
transform, and i(t) = I(t)− 〈I〉 is the instantaneous de-
viation of the intensity from the mean 〈I〉.
We recorded power spectra between frequencies of 200
Hz and 3 kHz. At lower frequencies, fluorescence fluctu-
ations are overwhelmed by noise in the excitation laser,
while, at higher frequencies, they are overwhelmed by
noise in the detection apparatus (photodiode, amplifier,
and signal analyzer). By varying the incident laser power,
we verified that the measured power spectral density is
proportional to the excitation power. This means that
fluctuations in the laser power at a particular frequency
will result in fluctuations in the fluorescence intensity at
the same frequency. In order to remove these effects,
which do not reflect the blinking dynamics of the QDs,
we divided the power spectrum of the dots by the mea-
sured power spectrum of the laser.
For the first measurements, we deposited QDs in a
dense layer on a glass slide, providing an environment
similar to that experienced by dots in microscopy ex-
periments. The measured noise spectrum is shown in
Fig. 1, and can be seen to have the form of 1/f noise over
the experimentally accessible bandwidth. More specifi-
cally, it can be fitted using a relationship of the form
S(f) = Afν−2+B, where f is the frequency, A is an ar-
bitrary proportionality constant, B is an additive offset
representing the instrumental noise floor, and ν is the fit-
ted spectral exponent characterizing the noise-generating
2process. In this case, ν = 0.70± 0.02.
200 1000 3000
Po
w
er
 S
pe
ct
ra
l D
en
si
ty
 (a
.u
.)
Frequency (Hz)
Dots on slide
Dots in solution
Beads
 
 
   
FIG. 1: Power spectral densities of fluctuations in the fluores-
cence from macroscopic ensembles of quantum dots, deposited
on a glass slide and dissolved in chloroform, and from fluores-
cently dyed polystyrene beads. The spectra have been offset
by arbitrary scale factors for clarity. Thick lines are fits to
the power spectra; the dot spectra are fit to power laws, while
the dye spectrum is fit to a Lorentzian.
1/f noise spectra arise in a wide array of systems, in-
cluding conductance fluctuations of metals and semicon-
ductors, magnetization of spin glasses, financial time se-
ries, and biological ion channels. They are qualitatively
different from the spectrum obtained for simple molec-
ular systems, as we confirmed by measuring the power
spectrum of an ensemble of polystyrene microspheres
doped with a green fluorescent dye (Duke Scientific, part
number G300). This noise spectrum, shown in Fig. 1, can
be fit using a single Lorentzian S(f) = A/(f2+ f20 ) +B,
with a width f0 = 1.8 kHz. The Lorentzian noise spec-
trum can easily be understood as the result of a fluctu-
ation process with a single, characteristic time scale; in
this case, it may reflect shelving in a dark triplet state.
The difference between this spectrum and the QD spec-
trum verifies that the measured 1/f -type power spectrum
is characteristic of the QDs.
The ability to characterize the statistics of fluorescence
fluctuations in the ensemble means that immobilization
of the QDs is not necessary. We therefore made a sec-
ond measurement, for which we dissolved an ensemble
of QDs in chloroform. We illuminated a large volume
(O(1) mm3), so that the variation in observed particle
number due to diffusion was negligible. The measured
spectrum is shown in Fig. 1, and can be seen to have
the same form as the spectrum of dots on glass, with an
equivalent fitted exponent of ν = 0.75 ± 0.03. The ob-
served insensitivity of the blinking statistics to the QD
environment is surprising, in the light of currently pro-
posed blinking mechanisms [13, 16].
Although no unified model of 1/f noise exists, it is
often attributed to the collective effect of a broad distri-
bution of independent processes with different character-
istic times [7]. 1/f noise in QD fluorescence fluctuations,
by contrast, appears to be an intrinsic property of the
individual dots. This distinction can be made clear by
considering how individual QD spectra contribute to our
measurements. By the Wiener-Khinchin theorem, the
power spectral density is equal to the Fourier transform
of the intensity autocorrelation function. Since the total
intensity emitted by an ensemble of dots is the sum of
the intensities in(t) emitted by the individual dots, the
autocorrelation function of the total emission is
G(2)(τ) =
∑
n
〈in(t) in(t+τ)〉+
∑
m 6=n
〈im(t) in(t+τ)〉, (1)
where angle brackets indicate averages over time t. The
second term describes cross-correlations of fluctuations
from from different QDs, and vanishes if they fluctuate
independently. In this case, all that remains is the sum
of the autocorrelation functions for the individual QDs.
These autocorrelations are equal to the Fourier trans-
forms of the individual QD power spectra, so the power
spectrum of the total intensity is simply the sum of the
single-dot spectra. If all dots fluctuate with the same
statistics, then this spectrum also provides insights into
the mechanism of single-dot fluorescence intermittency.
This was confirmed by monitoring the fluorescence
from single QDs, and combining their emission numer-
ically in order to obtain the corresponding ensemble be-
havior. A sparse layer of dots with emission maxima
around a wavelength of 535 nm was deposited on a glass
microscope coverslip. The dots were excited from the
opposite side of the coverslip, through an oil-immersion
microscope objective, using light with a wavelength of
480± 40 nm. Light emitted from the QDs was collected
through the same objective, separated from the excita-
tion light using a dichroic mirror, and isolated using a
bandpass filter with a center wavelength of 535 nm and
a bandwidth of 30 nm. The light was imaged onto a
cooled CCD camera, and the intensities from particu-
lar QDs were monitored over approximately 13 minutes,
with a time resolution of 25 ms.
Time traces for two specific QDs are shown in Fig. 2(a)
and (b). Power spectral densities were calculated from
these time traces, after subtracting the mean values
and multiplying by the Hann window function W (t) =
sin2(pit/T ), where T is the total duration of the data set
[8]. Resulting spectra are shown in Fig. 2(c); they can
be seen to have the same 1/f type form as the ensemble
power spectra. Fitting the two sample single-dot spectra
to an inverse power law over the entire bandwidth of the
measurement yields ν = 0.71 and ν = 0.83, respectively.
Comparable results were obtained for all 20 QDs studied,
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FIG. 2: (a),(b): Fluorescence intensity from two individual
quantum dots as a function of time. (c): Log-log plot of the
power spectral densities calculated from the above time traces
(circles), together with power-law fits (solid lines). The two
power spectra are offset by arbitrary scale factors for clarity.
Also shown the is power spectral density calculated from the
sum of 20 single-dot time series (squares). Calculated power
spectral densities have been grouped in logarithmic frequency
bins.
with a mean value of ν = 0.74 ± 0.09. This exponent is
indeed the same as that obtained for the QD ensembles.
Further confirmation that the ensemble measurement
reflects single-dot statistics is provided by adding to-
gether the measured time traces from the individual QDs
point by point, and calculating the power spectrum from
the time trace of the sum (shown in Fig. 2(c)). The fitted
exponent is ν = 0.69± 0.03, in agreement with the aver-
age exponent for the individual QD spectra. This is dif-
ferent from the case of electronic 1/f noise, for instance,
where the ensemble spectrum is an average of individual
fluctuators that each display very different dynamics. In
our case, the ensemble measurements can provide direct
information about the fluctuation statistics of individual
QDs.
Ensemble power spectra thus provide a useful tool to
complement characterization techniques based on single-
dot measurements. In particular, our power spectra are
consistent with previously reported distributions of on
and off periods for individual QDs. The probability
density functions of blinking periods Ton/off have been
observed to follow an inverse power law Ψ(Ton/off) ∝
(Ton/off)
−1−ν [2]. Power-law distributions of this type,
where ν lies between zero and one, can be converted into
power spectra using the mathematical tools devised to
describe Le´vy walks. Specifically, we impose lower and
upper cutoff durations Tmin and Tmax, respectively, and
assume that the probability density falls abruptly to zero
outside these limits. Experimentally, Tmin can be asso-
ciated with the measurement time resolution, and Tmax
with the total duration of the measurement. We ignore
any intensity fluctuations within the on and off states,
treating the intensity as if it switches discretely between
zero and a value Io. If we assume, for simplicity, that
the same exponent ν can be used to describe on and off
times, then the time series has a power spectral density
S(f) ∝ (1/〈T 〉)fν−2, where 〈T 〉 is the mean on/off du-
ration [9]. The cutoff times Tmin and Tmax enter only
through an additional proportionality constant, so the
form of the power spectrum is independent of the details
of the measurement. The value of ν that we have ob-
tained from the power spectrum is consistent with the
exponents previously obtained by different researchers
from probability distributions of bright and dark times
[2, 3, 4]. Since previous measurements of blinking-time
distributions have covered the bandwidths of both our
measurements [2], we can assume that the power spectra
we have measured for QD ensembles reflects the same
underlying statistics as the individual QD spectra.
Similar results would be obtained if the on and off du-
rations followed different probability distributions. For
example, if they followed power laws with different ex-
ponents, the larger value of ν would dominate the power
spectrum; similarly, if one distribution followed an expo-
nential distribution while the other followed a power law,
the power spectrum would still be a power law [10]. In
other words, power spectral densities cannot separately
characterize on and off blinking statistics. On the other
hand, they can be measured on ensembles, allowing easy
characterization in just a few minutes. Even for measure-
ments on single QDs, unambiguous power spectra can be
calculated using well-established methods [8]. By con-
trast, extracting the distribution of blinking periods from
the time series is less straightforward. For example, even
while the QD is emitting light, its fluorescence intensity
can still vary substantially, making it difficult to estab-
lish a clear threshold between the on and off states. As
well, blinking events shorter than the time resolution of
the measurement will be missed, biasing the probability
density function towards longer times; this artifact can-
not be corrected without making an assumption about
the distribution of blinking periods below the time reso-
lution.
Another complementary method of characterizing QD
fluorescence dynamics is to measure the autocorrelation
of emitted photons; this allows a wide range of time scales
to be covered [11]. Fluorescence correlation spectroscopy
(FCS), a particular type of autocorrelation technique, has
been used to study the fluorescence of QDs in solution
[12]. In these measurements, a microscopic volume of a
solution containing QDs is illuminated, and the autocor-
relation function of the detected fluorescence is measured
as dots diffuse through the illuminated region. The au-
thors of Ref. [12] were able to fit their results with a model
4based only on single-particle diffusion, with no systematic
deviation that would need to be explained by blinking.
Their results can be reconciled with ours by considering
how blinking affects the autocorrelation function. The
Le´vy-walk model yields G(2)(τ) = A−Bτ1−ν/〈T 〉, where
A = 1 − (ν/(1 − ν))(Tmin/〈T 〉), and B = T
ν
min/(1 − ν).
This expression describes a correlation function that is
weakly dependent on delay time τ for short τ , and
abruptly drops to zero as τ approaches the total mea-
surement time Tmax [11, 13]. The effects of diffusion in
FCS can be approximated by multiplying the above au-
tocorrelation function with one describing diffusion [14],
taking Tmax to be the mean diffusion time through the
illuminated volume. Since blinking gives a nearly flat
correlation function for times shorter than the diffusion
time, the combination is nearly indistinguishable from
diffusion alone. By contrast, the power spectral density
has the advantage of clearly distinguishing blinking from
diffusion, and is insensitive to measurement parameters
such as the time resolution and the total measurement
time. Other ensemble measurement techniques can also
provide information on fluorescence fluctuations. For ex-
ample, the reversible decay in the fluorescence signal from
an ensemble of QDs has been shown to have a purely sta-
tistical origin [4]. It has also been proposed that the vari-
ance in the number of photons emitted by an ensemble
of QDs should diverge over time [15].
We have found that it is particularly practical to study
the dynamics of QD blinking by measuring the power
spectral density of fluorescence fluctuations. The results
are free from the ambiguities inherent in measurements
based on blinking time distributions and autocorrelation
functions. Representative power spectra can be measured
on ensembles of dots, contrary to the popular wisdom
that blinking studies require isolation of single emitters.
This means that blinking can be observed in cases where
microscopy is impractical, such as QDs in solution. Us-
ing lower-noise components, it should be straightforward
to extend the measurement bandwidth beyond that ob-
tained in this first experiment. Since the ensemble power
spectrum can be measured very quickly, it will be possible
to rapidly characterize the blinking behavior of different
samples in different environments, eventually leading to
a better understanding of and control over the blinking
mechanism. Finally, we have used the same measure-
ment technique to observe the fluorescence dynamics of
fluorescent microspheres; indeed, the method we have in-
troduced should be applicable to any fluorophore that
exhibits blinking within the observable bandwidth.
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